Abstract-Quasi-static time-series (QSTS) simulation is used to simulate the behavior of distribution systems over long periods of time (typically hours to years). The technique involves repeatedly solving the load-flow problem for a distribution system model and is useful for distributed energy resource planning. When a QSTS simulation has a small time step and a long duration, the computational burden of the simulation can be a barrier to integration into utility workflows. One way to relieve the computational burden is to simplify the system model. The segment substitution method of simplifying distribution system models introduced in this paper offers model bus reduction of up to 98% with a simplification error as low as 0.2% (0.002 p.u. voltage). In contrast to existing methods of distribution system model simplification, which rely on topological inspection and linearization, the segment substitution method uses black-box segment data and an assumed simplified topology.
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I. INTRODUCTION

E
LECTRIC power system modeling and static or steadystate simulation is used by electric utilities to inform both system operations [1] and planning [2] . The unique large scale of power systems means that even for models composed of the most basic component representations, simulation of a full system model of many interconnected components becomes complex [3] . At any scale, the balance between model detail and computational complexity should be considered.
Distribution system models for static simulation include buses, which can have a shunt load, interconnected by branches [4] . Buses, loads, and branches can consist of one or more phases. For distribution systems, model complexity arises from factors such as the imbalance of phases, the number of individually modeled buses, and the behavior of loads and generators [5] . To reduce the time required for system simulations and studies, methods have been developed that exploit the radial or weakly-meshed structure common among distribution systems [6] - [9] . These methods reduce the complexity of the power flow computation algorithmically.
The recent and anticipated introduction of distributed energy resources (DER), including photovoltaic (PV) systems [10] - [12] , electric vehicles (EV) [13] , and distributed energy storage (DES) [14] , to distribution systems demands more complex modeling and analysis [15] . In the utility industry, these trends affect both distribution operations and planning. In operations, distribution state estimation algorithms [16] - [19] can be used to compute the probable bus voltages and branch currents throughout the system based on real system measurements. In planning, the impacts of proposed PV systems can be analyzed by comparing the model with and without PV using a series of power flow solutions at different possible levels of PV and load [20] . When a series of power flow computations is performed with inputs corresponding to consecutive points in time, the simulation is called quasi-static time-series (QSTS) [21] , [22] . QSTS simulations with high temporal resolution and long duration require an especially large number of power flow computations.
Today, powerful software tools exist for distribution system simulation, including QSTS simulation, such as OpenDSS [23] , GridLAB-D [24] , and other commercial tools [25] - [27] . These simulation tools offer highly-developed and/or user selectable power flow solution algorithms. As an alternative to the algorithmic simplification used in [6] - [9] , the system topology itself can be simplified. If loads are assumed to be constant-impedance, the model is a linear system and its topology can be simplified accordingly [28] . If loads are assumed to be constant-current, buses can be eliminated by combining branches and loads [29] . However, experimentation has shown that loads are better represented by nonlinear constant-impedance-current-power (ZIP) models [30] . Topological simplification methods compatible with loads that have a constant-power component have not been developed in the literature; the segment substitution method, introduced in this paper, addresses this gap.
Distribution parameter estimation [31] , [32] , a reformulation of the state estimation problem, attempts to identify parameters such as line impedance using system state information. Segment substitution, a distribution system model simplification method introduced in this paper, uses concepts similar to parameter estimation to construct a simplified segment, which approximates the full segment, while eliminating internal buses.
Segment substitution has three advantages over existing simplification methods: (1) like methods described in [28] and [29] , segment substitution is agnostic to the power flow algorithm and is compatible with advanced distribution simulation tools, (2) segment substitution does not require simplifying assumptions about load behavior; it can be used with constant-power and, in general, ZIP loads, and (3) it can be used to create a simplified model directly from field-measured data without requiring a full system model as a starting point. In addition, unlike parameter estimation methods [31] , [32] , which attempt to identify physical model parameters and are not concerned with reducing simulation time, segment substitution can be used to create streamlined nonlinear segment realizations that greatly reduce simulation time compared to a full detailed model.
The goal of this paper is to introduce and demonstrate the new segment substitution method for distribution system model simplification. A framework to quantify the effectiveness of distribution system model simplification is presented. In addition, the simplification error of segment substitution is characterized using a Monte Carlo method. Finally, segment substitution is demonstrated using a full distribution system model with PV and shown to introduce less simplification error (less than 0.002 pu voltage) than the constant-current load assumption (up to 0.007 pu voltage) required for existing branch elimination methods [29] .
II. SIMPLIFICATION USING SEGMENT SUBSTITUTION
A full distribution feeder model can include hundreds or thousands of buses. For site-specific analysis, such as upgrade planning or PV interconnection impact, the full system state (including all bus voltages and all branch currents) is not required. The EPRI J1 feeder [33] , shown in Fig. 1 , has 3434 buses and will be simplified as an example in Section V of this paper.
Feeder J1 includes several distributed voltage regulators, and multiple large PV systems. It has the following attributes: 1) 11.5 MW approximate peak substation load (no PV) 2) 4 large distributed PV systems (1882 kVA total) 3) 9 small distributed PV systems (114 kVA total) 4) 3434 Buses of one, two, or three phases 
A. Model Segmentation
A full distribution system model can be simplified by identifying buses of interest to be preserved and eliminating other buses. Model segments are defined as the model topology included between two buses of interest. Segments with a single input bus and a single output bus can be simplified using segment substitution. The following process can be used to identify buses for preservation:
1) Identify buses pertinent to the study (e.g., proposed PV installation site, proposed upgrade site). 2) Identify buses connected to controlled linear, time-varying components (voltage regulators and switched capacitors). 3) Identify buses at the beginning of one-or two-phase laterals upstream of previously identified buses. 4) Identify buses at topological forks upstream of multiple buses to be preserved. Components between two buses to be preserved comprise a segment. Components that are not part of any segment can be aggregated into junction loads.
B. Segment Characterization
An electrical system or system segment can be viewed as a non-linear two-port network as shown in Fig. 2 .
Characteristic equations (1) can be developed for some segment topologies.
The characteristic equations relate the input and output voltages and currents to a set of characteristic topological parameters C 1 to C n . Example characteristic parameters include line impedance and load magnitude.
C. Segment Substitution
Segment substitution involves replacing a model segment with the realization of the characteristic equations of a simpler topology. The method is implemented using the following five-step process:
1) For each segment, obtain full segment input and output voltage and current data from preliminary load-flow solutions or from sensors. If sensor data is used, measurement error and synchronization between measurements and any assumed model state should be considered. 2) Assume a simplified segment topology (e.g., Fig. 3 ).
3) Determine the characteristic equations of the simplified topology. 4) For each segment, solve the characteristic equations for the unknown characteristic parameters C 1 to C n using known full segment data. 5) For each segment, replace the full topology with the simplified topology using the corresponding characteristic parameters. The simplified segments will match the voltage drop and shunt current across the full segments under the loading conditions corresponding to the full segment data in step 1. If the simplified topology can be chosen to have similar shunt and downstream currents to the full system over the range of loads, the simplified segments will continue to approximate the full segments.
The simplified topologies introduced in subsequent sections are designed to preserve the voltage at the segment endpoints as well as the operation frequency of devices that monitor system state such as distributed voltage regulators; however, the system loss characteristic is impacted because no-load loss is not separated from load served in these topologies.
D. The Series-Impedance, ZIP-Shunt Topology
A simple non-linear segment topology can be used to represent distribution system segments with nonlinear loads. The series-impedance, shunt-ZIP (Z-ZIP) topology that will be used in this paper has two characteristic parameters: a series impedance Z and a shunt ZIP load with complex power S and assumed ZIP coefficients. The topology is shown in Fig. 3 .
The ZIP load object follows the same time-shape as the loads in the original model and each phase behaves according to the ZIP coefficients model shown in (2) and (3).
where P (t) is the real power, Q(t) is the reactive power, Z p , I p , P p , Z q , I q , and P q are ZIP coefficients, which are assumed as part of the topology, usually corresponding to the predominant load type in the model. V 0 is the base voltage, and V out (t) is the actual voltage. The segment characteristic parameter S is related to (2) and (3) according to (4) .
Equation (4) is per-phase. S is the complex power of the ZIP load with assumed ZIP coefficients. Characteristic equations for the topology can be obtained using Kirchhoff's Current Law (KCL) at the output bus (5) and Kirchhoff's Voltage Law (KVL) across the segment (6) .
Equation (5) is per-phase.
In (6), for an n-phase segment, V out , I out , V in , I in , and S are n-by-1 vectors and Z is a symmetric n-by-n matrix.
Equation (5) is rearranged to solve for S; the expression for a three-phase segment is shown in (7) .
Equation (6) is used to solve for Z. When n is greater than 1, Z is under-constrained; the expression for a three-phase segment is shown in (8) .
The minimum-norm solution for Z can be obtained by multiplying the pseudo-inverse of the matrix in (8) by the left-hand side. The minimum-norm solution is a conservative choice that tends to limit oversensitivity of the voltage drop across the segment to changes in load from individual phases.
E. Junction Aggregation
Junctions are formed at the intersection of two or more segments. Components may be connected to a junction that are not a part of any segment. In this case, in order to eliminate all unnecessary buses, components connected to a junction can be approximated by an aggregate load. The following process, similar to the segment substitution process, can be used: 1) Assume an aggregate ZIP load behavior.
2) Use the total shunt currents at the junction bus and the bus voltages to determine the complex power of the aggregate load. A simplified junction with aggregated ZIP load is shown in Fig. 4 .
The ZIP load complex power can be computed using (9) .
For an n-phase junction bus, V, I in , , I out , and S are n-by-1 vectors. 
F. Independent Current Source Compensation
The segment shown in Fig. 3 is a reasonable approximation when all loads follow the same load shape. When a bus shunt current deviates from the global load shape because of an independent load shape, different ZIP coefficients, or because of a local distributed generator, there are two effects on the simplified segment: first, sources within a segment affect the shunt current, and second, sources inside of or downstream of the segment affect the voltage drop across the segment. Because the characteristic Z matrix of the segment does not necessarily equal the series impedance across the full segment, the voltage drop across the full and simplified segments is affected differently. Compensating loads or generators are introduced to counteract both of these effects. Two loads or generators for each independent current source, each with the time-shape and ZIP coefficients of their respective sources are added to the segment as shown for PV systems in Fig. 5 .
The size of the generators G1 and G2 can be determined using the following procedure:
1) Obtain the characteristic parameters Z and S using (8) and (9) with input and output voltage and current data obtained when the PV systems are not producing power. 2) Using the same system load level as the previous step, obtain input and output voltage and current data with the PV systems at full power (V in , V out , I in , and I out ). 3) Solve (10) and (11) for complex constant-power sizes of the generators G1 and G2.
Equations (11) and (12) are per-phase, where vectors I G 2 and I G 1 are defined in (12) and (13), respectively.
If PV is located within or downstream from a segment, G1 is expected to be positive and G2 negative for that segment.
III. SIMPLIFICATION METRICS
This section describes metrics that can be used to quantify the performance of a simplified model compared to the full model. The intent of this section is to provide a framework to discuss the process of power system model simplification and will be used to analyze segment substitution.
A. Topological Reduction Factor
The topological reduction factor, T RF , compares the number of buses in the full and simplified models.
B F U LL is the number of buses in the full model and B S I M P is the number of buses in the simplified model.
B. Computational Savings Factor
The computational savings factor, CSF , quantifies the computational time savings afforded by simplification for a benchmark simulation.
CSF = [T F U LL − T S I M P ] [T F U LL ]
T F U LL is the computational time required to perform a benchmark simulation with the full system model and T S I M P is the computational time required to perform the benchmark simulation with a simplified system model. Because the model simplification time is fixed on the order of seconds, no matter how large the QSTS system is, The CSF does not consider the computation time of model simplification. The CSF accounts for the number of iterations in a solution so it is affected by approximation error.
C. System State Error
Segment substitution attempts to simplify a distribution system model without affecting the system state at preserved buses. The segment endpoint voltages can be examined using a benchmark QSTS simulation. The absolute difference between the voltage magnitudes at the preserved buses for the full model and the simplified model can be computed for each time step. This QSTS simulation should be performed with voltage regulator and switched capacitor controls disabled to avoid small voltage errors causing controlled device actuations that result in much larger voltage errors.
The average and maximum absolute voltage magnitude error are computed as shown in (16) and (17), respectively.
where n is the number of samples in the benchmark QSTS simulation, r is the number of segments, m k is the number of phases at the output terminal of segment k, |V 
D. Voltage Regulator Tap Operation Impact
A benchmark PV impact study can be used to examine the effect of simplification on voltage regulator tap change behavior: QSTS simulations are performed with and without PV and the number of tap changes recorded by each voltage regulator is compared. The QSTS simulations should be performed with any switched capacitor controls disabled.
The regulator tap change operation error, RT E, quantifies the error introduced by model simplification (18) . The voltage regulator tap change operation impact, RT I, compares the tap change increase caused by PV in the simplified model to the full model (19) .
where Because the tap position of voltage regulators is extremely sensitive to bus voltages as well as the tap positions of other regulators throughout the system, in addition to the RT E and RT I, the operations of each individual regulator will be tabulated in this paper.
IV. STOCHASTIC ERROR CHARACTERIZATION
The error introduced by the simplification process depends on the physical topology of the original segment relative to the simplified segment. A Monte Carlo method was developed to build full radial feeders, simplify one segment of each feeder, and compare these models under a variety of segment voltage and load conditions. The topologies were created by sampling a depth-dependent distribution of the number of downstream buses from each bus. This distribution was extracted from the Pacific Northwest National Laboratory feeder taxonomy [34] , which is intended to represent distribution feeders in the United States. 2 ); constant-power customer load with unity power factor was allocated to each bus with normal distribution such that the desired substation current distribution would be achieved at nominal values of other parameters. 3) Total line resistance for the trunk and each lateral was specified such that the voltage at the end of each lateral would be 0.95 pu at 1-pu load and nominal voltage with three standard deviations +/−0.02 pu voltage drop. Line reactance of 0 was used because resistive lines were sufficient to create the desired voltage conditions. Using this planning strategy, 10,000 feeders were constructed with between 500 and 5000 buses, inclusive (feeders were reconstructed until one within that range was obtained). A segment spanning half of the topological depth was selected randomly. A simplified version of each feeder was obtained using segment substitution. In order to obtain a variety of feasible load levels, the full and simplified feeders were simulated 1000 times each using load levels uniformly sampled independently from a yearly load shape. The voltage at the output of the segment was analyzed. Results are summarized in Table I .
The error observed was less than 1% in all cases and was an order of magnitude lower for the average topology under average conditions. A histogram of error is shown in Fig. 6 .
The smooth distribution suggests that a sufficient number of trials were performed. The highest error occurs for segments with long internal branches with large loads at the end [35] .
V. FEEDER SIMPLIFICATION EXAMPLE
In this section, the segment substitution will be demonstrated using a full electric power distribution system model. The model is EPRI Feeder J1, provided in OpenDSS to the public on the Distributed PV (DPV) website [33] . The performance of the simplified model was examined using the metrics discussed in Section III. The model was simplified using Z-ZIP segments with PV compensation. The simplification was performed dynamically by disabling full segment components and inserting simplified segment components using the OpenDSS COM interface [23] with MATLAB. To compare the error of the segment substitution method to the lower-bound error for the method described in [29] , another simplification was performed by replacing all loads in the original model with constant-current loads (without eliminating any buses).
A. Feeder Description
The following changes were made to the original OpenDSS J1 feeder model files described in Section II:
1) The model type for all loads was changed to ZIP coefficients with parameters for residential sub-class D defined in [30] and shown in Table II . 2) A global daily load shape (varies over a range of 2-to-1) and a global PV shape representing intermittent clouds were applied for QSTS simulations. 3) A load multiplier equal to the average value of the load shape was used for snapshot simulations and as an initial condition when controls were locked for QSTS simulations. A three-phase voltage profile for the full system, showing primary and secondary voltage with respect to distance from the substation, is shown in Fig. 7 .
The model was partitioned into 23 segments. Buses connected to capacitors, regulators, distribution transformers with large PV systems on the secondary, relevant junctions and relevant laterals were preserved. The segment definitions are shown in Table III alongside the number of buses reduced by each segment. 
B. QSTS Benchmark for Segment Substitution
The model was simplified using segment substitution with the Z-ZIP segment, residential sub-class D coefficients, and PV compensation around a base case at mean load. Two QSTS simulations were performed for the full and simplified models at 1-minute resolution for a duration of one day: one without PV and one with PV. Where applicable, regulator and capacitor controls are locked with PV off at mean daily load. A summary of this benchmark is shown in Table IV .
The simulation time was reduced by over 92% and the worstcase error simplification error was less than 0.002 pu.
C. Effect of Constant-Current Load Assumption
The benchmark simulation was performed again using a model simplified by changing all loads from ZIP to constantcurrent. No bus reduction was performed. This represents the lower-bound error for linear combination techniques such as [29] , which cannot be used directly with ZIP loads. A summary of the benchmark is shown in Table V .
Because no buses were eliminated, performance metrics are not shown in Table V . If the true load behavior is accurately represented by a ZIP model, the constant-current assumption alone (without eliminating any buses) introduced more error than simplification by segment substitution.
The phase-A voltage absolute error at the output bus of segment 12 is shown for segment substitution and the constant current approximation in Fig. 8 . Segment 12 is located near the large PV systems between regulator groups 1 and 2.
VI. CONCLUSION
Segment substitution was shown to reduce the computation time of benchmark QSTS simulation with ZIP loads on a real distribution system model by 94.9% when no PV is included and by 92.6% when PV is included. This represents a significant time savings potential for high-resolution QSTS simulations with a long duration.
Throughout the benchmark QSTS simulation, the simplification resulted in an average state voltage error on the order of 0.0002 pu and a maximum state voltage error on the order of 0.001 pu. These errors represent 0.024 V and 0.12 V, respectively, on a 120-V base. The error was nearly an order of magnitude lower for simplification by segment substitution than for the constant-current load assumption, which is a prerequisite for other distribution system model simplification methods found in the literature. The voltage error was within the range predicted using stochastic error characterization techniques. The simplification error associated with segment substitution is expected to be acceptable for distribution system studies such as PV impact analysis.
The impact of simplification (using segment substitution or the constant current load assumption) on voltage regulator tap change operations underscores the sensitivity of voltage regulators to small voltage errors. However, in all cases, the full and simplified models indicate a substantial increase in the number of tap change operations when PV is present and a PV impact analysis study would likely lead to the conclusion that PV has introduced an undesirable number of additional voltage regulator tap change operations.
